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GR and compact 
stars



General Relativity

GR remains the best ever 
formulated theory of 
gravitation

GR has been successfully 
tested in the weak field regime

Tests of GR in the strong field 
regime are required



Compact Stars

End-points of stellar evolution

Formation associated with the 
most violent phenomena of the 
Universe

Responsible for the enrichment 
of the Universe in heavy 
elements

Great appeal to the grand public

Chandra/Cas A



The best tools

Adapted from Psaltis (2004)

G
ra

vi
ta

tio
na

l p
ot

en
tia

l St
ro

ng
 fi

el
d

W
ea

k 
fie

ld

The most dramatic 
effects are expected in 
the strong field regime

Mass

GPB



Complementarity

Understanding strong gravity is of fundamental importance

Several parallel approaches should be followed:

X-ray spectroscopy

Fast X-ray timing

Polarization measurements

Gravitational waves

Direct black hole imaging: radio, infra-red and ultimately 
X-rays

We should use tools of different sizes and masses: X-ray 
binaries with neutron stars, stellar mass black holes and AGNs



Towards a common goal

All these parallel approaches for the same goal:

Testing GR in the strong field limit

Understanding the nature of space and time

With the by products of:

Getting constraints on the fundamental parameters of 
compact stars, e.g. black hole spin

Determining the properties of matter at supra-nuclear 
density

Getting a better understanding of accretion disk physics 
(relevant to many fields of modern astrophysics)



The RXTE 
breakthrough



The power of X-ray 
timing

90% of the energy will be radiated, 
predominantly in X-rays, within the last 100 km

Dynamical timescales of the accretion flow:

0.1 ms at 15 km of a 1.4 Msol neutron star

1 ms at 100 km (3Rs) of a 10 Msol black hole

X-ray (sub)-ms variability probes the 
motion of matter in the strong field region



RXTE breakthrough

RXTE has demonstrated that the X-ray emission of accreting 
compact objects varies on the dynamical timescales

BH

NS

Van der Klis (2004) - Remillard (2004)

kilo-Hz QPOs



kilo-Hz Quasi-periodic 
oscillations

Detected in ~20 neutrons stars - 
frequencies vary from ~100 to 
1000 Hz

Detected in a handful of stellar 
mass black holes with constant 
frequencies (~100 Hz, with a 
possible 3:2 ratio)

Strong energy dependency

Varies with spectral, luminosity 
states, etc.

Weak BH QPOs

Strohmayer (2001)



Orbital motion



Orbital motion

The accretion disk is a natural 
source of per iodic i t ies 
(Keplerian motion)

QPOs have frequencies 
expected from the inner 
accretion disk

High Q signals

It is natural (and most models 
do) to identify QPOs with 
orbital motion at a preferred 
radius of the disk (inner disk 
radius)



Innermost stable 
circular orbit

Key prediction of strong-gravity General Relativity - There 
exists a minimum radius beyond which no stable orbital 
motion is possible

This radius is a function of the mass and spin of black hole

The highest possible orbital frequency in the disk is at the 
radius of the ISCO



Orbital motion at the 
ISCO?

Ceiling of frequency 
predicted when the ISCO 
is reached

Zhang et al. (1998)

But seen in only one system so 
far! and disputed results



Constraining BH spin

Psaltis (2004)



Dense matter

Constraints from orbital 
frequencies

Miller, Lamb & Psaltis (1998) - Miller (2004)



Epicyclic motion



3 GR frequencies

In GR, test particle orbits are 
characterized by 3 frequencies:

Azimuthal

Radial epicyclic

Vertical epicyclic

All three frequencies depend 
on the mass, spin and orbital 
radius

Abramowicz & Kluzniak (2004)



Relativistic resonance

Resonance can occur between 
relativistic orbital and epicyclic 
frequencies

Proposed to explain the 3:2 
ratios observed in BHs, and the 
clustering of twin NS QPOs 
around the same ratio

Abramowicz & Kluzniak 
(2004)



Relativistic resonance

All resonant frequencies 
scale with 1/M

Prospect to constrain the 
BH spin (high spins 
inferred)

Application to ULXs to 
determine the mass of the 
accreting object

Abramowicz & Kluzniak 
(2004)

Illustrates the power of fast X-ray timing



Forced resonance

Wijnands et al. 2003

kilo-Hz QPOs in accreting millisecond pulsar

Epicyclic frequencies resonate with spin (Wijnands et al. 2003, Kluzniak et al. 2004)
Spin-orbit beat frequency equals vertical epicyclic (Lamb & Miller 2003)



Periastron of eccentric orbit will 
precess (consequence of the non-1/r2 
nature of gravity in GR, similar to 
Mercury perihelion precession)

Nodal precession frequency is due to 
the frame-dragging effect caused by 
the spin of the central object (Lense-
Thirring):

Dragging of inertial 
frames

Van der Klis (2004)

But shows deviations and requires large 
ratio I45/M (I45 NS moment of inertia)

Upper kilo-Hz QPO
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Beyond RXTE



Beyond RXTE

We have observed orbital motions in the strong field region

Key questions arising:

Have we detected the ISCO?

Have we detected epicyclic frequencies?

Have we detected the effects of strong frame-dragging?

Evidence has been accumulated that the answers to these 
questions is very likely yes !

Next step is to get definite answers and start doing true 
astrophysics with black holes



Motion in strong 
gravity

Orbital motion could be further demonstrated:

with independent measurements of radius and frequency 
through e.g. time resolved spectroscopy of the oscillation

with simultaneous measurements of orbital and epicyclic 
frequencies (and whenever possible the spin)

with measurements of the frequency ceiling predicted at 
the ISCO

Point to the requirement to increase the timing and spectral 
capability of fast X-ray timing studies



Counts is what counts

S: source count rate
rms: QPO amplitude
T: Integration time

The 5 PCA units give 0.7 m2 over 3 to 50 keV

20 times more counts with the current XEUS optics



Probing Orbital motion

Ability to detect weak sidebands 
predicted in many models

Extend QPO search - up to 
ISCO frequency

Detect QPOs on their coherence 
times - waveform fitting

Will require working in parallel on 
QPO models (GRMHD simulations) 
and data analysis techniques

Barret et al. (2005)



Time resolved 
spectroscopy

QPO=series of finite lifetime wavetrains



Conclusions

Understanding strong gravity is a holy grail for moderm physics: It 
must be tackled by several independent techniques

Fast X-ray timing is a powerful approach to probe strong 
gravitational fields. Highly complementary to other techniques

The high-frequency phenomena discovered by RXTE (the tip of 
the iceberg) are in most models associated with strong field effects

A ~10m2 collecting area will provide the leap in sensitivity needed 
to turn these diagnostics into tests, but requires an instrumentation 
capable of coping with extremely high count rates



Hardware
Described in the XEUS instrument Working 

Report (2004)



Requirements

• 10m2 collecting area - from ~1 keV to ~50 keV (factor of 15
-20 increase in counting rate over the RXTE/PCA)

• 10 microsecond time resolution

• Ability to observe a 5 Mcts/s source (equivalent to 5 Crab)



Silicon Drift Detector

High resistivity n-type fully depleted 
Silicon

Small output capacitance due to the 
small size of the anode

High count rate capabilities

Good energy resolution (130 eV at 
room temperature)

Space proven - flew on Mars/Rover



Implementation

• Array of 19 SDDs operated 
out of focus

• Electronics studied (deadtime 
control) at CESR with 
ROENTEC/MPI/MPE with 
funding from French Space 
Agency

15 cm
Focal plane

Array of 19 SDD


